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Abstract
In supersymmetric models, the gluino (g˜) could be light and stable, and because
of its colour charge, it hadronizes to form R-hadrons. Data collected by the DELPHI
detector at centre-of-mass energy of 192 to 202 GeV corresponding to an integrated
luminosity of 226 pb−1 have been used to search for charged R-hadrons in stop decay.
The observed number of events is in agreement with the Standard Model predictions.
Results are presenting in terms of excluded regions in the plane (m t˜1 ,mg˜).
1 Introduction
This paper presents the search for charged R-hadrons (R±) in the stop decay t˜1→ cg˜
performed in the data samples collected by the DELPHI detector in 1999. These data
correspond to an integrated luminosity of 25.9 pb−1 at an energy of 192 GeV, 76.4 pb−1
at 196 GeV, 83.4 pb−1 at 200 GeV and 40.6 pb−1 at 202 GeV.
In minimal supergravity supersymmetry models (mSUGRA), the gaugino masses (Mi)
are supposed to evolve to a common value m1/2 at the GUT scale. In such models, the Mi
are proportional to the corresponding coupling constants (αi) and the gluino is naturally
heavier than the other gauginos.
M1 : M2 : M3 ∼ α1 : α2 : α3
As pointed out in recent studies [1], models exist where the Mi do not follow this
relation. M3 could be lighter than the other gaugino masses, and in this case, the gluino
is the Lightest Supersymmetric Particle (LSP). The same can happen in Gauge Mediated
Supersymmetry Breaking (GMSB) [2].
In this paper, R-parity conservation is assumed. The gluino is the LSP and thus stable.
The event topology depends strongly on how the gluino hadronizes to form R-hadrons. It
could either fragment to neutral Ro states (g˜g, g˜uu¯, ...) or to charged R± states (g˜ud¯,...).
We focus here on the charged R-hadron case. The probability P that a gluino fragments
to a charged R-hadrons is taken to one. The charged R-hadrons are identified by an
anomalous ionising energy loss in the tracking chambers.
Due to important off-diagonal terms in the mass matrix, the lightest stop, scalar partner
of the top quark is expected to be light. The stop decay into tg˜ is kinematically forbidden
at LEP2. The dominant decay is t˜1 → cg˜. The topology of such events is two c-quark
jets plus two gluino ”jets”.
2 Charged R-hadron simulation
The flavour changing decay t˜1→ cg˜ goes through one-loop diagrams. So t˜1 is expected
to be long-lived and to hadronize before its decay. A modified version of the SUSY-
GEN [3] generator was used to simulate this process. Special care was taken to introduce
hard gluon radiation off scalar stop at the matrix-element level and to treat the stop
hadronization as a non-perturbative strong interaction effect. A detailed description of
this hadronization model can be found in [4]. Such a model, based on the Peterson
function [5], was also used to perform the gluino hadronization into R-hadrons. Figure 1
summarises the stop production and the two fragmentation steps. The final hadronization
was performed using the JETSET program [6].
The generated signal events were passed through the DELSIM [7] program to simulate
the detector responses. Charged R-hadrons were treated as heavy muons and they were




















Figure 1: Hadronization scheme for stop pair production and for its decay into cg˜.
3 Event selection
The ionisation loss (dE/dx) in the Time Projection Chamber allows to identify heavy and
stable charged particles. Figure 2 shows the behaviour of the ionising energy loss as a
function of the particle momentum for different mass cases. From this, two regions can
be defined to isolate heavy ionising particles from the standard particles having masses
between 5× 10−4 GeV/c2 and 1 GeV/c2 :
• The low dE/dx region which is defined to be below the expected ionising loss for a
particle of mass 3 GeV/c2.
• The high dE/dx region corresponding to ionising energy loss greater than 1.8 mip
units i.e. 1.8 times the energy loss for a minimum ionising particle.
In a first step, loose criteria to select Charged R-hadron candidates were defined as
follows. The charge track momentum had to be above 10 GeV/c and the cosine of its
polar angle within the interval [-0.8,0.8]. The track was required to be reconstructed
using the Time Projection Chamber with a dE/dx greater than 0.8 mip. Then, all the
tracks of the event were clustered into four jets using the Durham algorithm [8].
The event preselection consisted of requiring at least two R± candidates and at least an
energy of 10 GeV in each hemisphere of DELPHI. At this step, the main backgrounds are
e+e− → qq¯ and e+e− → W+W−. Data Monte-Carlo comparison is shown in figure 3.
As the ionising energy loss depends strongly on the mass of the particle, the analysis
was separated into three mass windows in the plane (mt˜1 ,mg˜). The first one corresponds
to charged R-hadron masses below 20 GeV/c2, the second to masses between 20 and
50 GeV/c2, and the last one to masses greater than 50 GeV/c2.
R-hadron masses below 20 GeV/c2:
In this mass window, the gluino fragmentation is soft, leading to high energy frag-
mented particles. Charged R-hadrons also have high momentum and are charac-
terised by a low dE/dx value.
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s was greater than 0.7. The Durham distance y4 for which the
number of jets changes from three to four jets had to be greater than 0.003. Finally,
the events had to contain at least two loose R-hadron candidates with momenta
greater than 15 GeV/c and one of these candidates had a momentum greater than
30 GeV/c and had to satisfy the low dE/dx definition.
R-hadron masses between 20 GeV/c2and 50 GeV/c2:
For this mass range the R-hadrons have lower momentum and a part of the signal
falls in the dE/dx band between 1.2 and 1.5 mip where the background is high. The
fragmentation is also harder leading to few fragmented particles.





greater than 0.8. Then, the event had to contain at least one low dE/dx tagged
R-hadron with momentum greater than 45 GeV/c or one high dE/dx tagged R-
hadron.
R-hadron masses above 50 GeV/c2:
In this case, R-hadrons have lower momentum, and because of there high masses,
they are easily tagged by high dE/dx values. The gluino also takes most of the
initial stop energy and because of the hard fragmentation process for this range of
masses, the energies of the charm quarks and of the fragmented jets are small.
Events were selected if the total electromagnetic energy is below 30 GeV. The event
had to contain at least two R-hadron candidates with ionising energy loss greater
than what is expected for a particle of mass 40 GeV/c2 (see figure 2).
4 Results
The final number of events selected by this analysis is shown in table 1. Combining the
three mass windows and the results obtained from 192 GeV to 202 GeV, 29 candidates
were observed in the 1999 DELPHI data for 20.66 ± 0.86 expected in the simulation. The
detection efficiencies were calculated from the R± signal simulation and then interpolated
in the plane (mt˜1 ,mg˜) (figure 4).
Under the assumption that the stop decays always into cg˜ and that the gluino fragments
into charged R-hadrons, excluded regions at 95 % confidence level can be derived in the
plane (mt˜1 ,mg˜). The stop cross-sections were computed with the SUSYGEN program.
In the first case which corresponds to maximal cross-section, the stop is purely left,
while in the second one, cross-sections are calculated for the stop mixing angle of 56◦
which corresponds to the case of minimal cross-section. Results from 192 to 202 GeV
were combined and results can be seen in figure 5. Low sensitivity area corresponds
to a region where low efficiencies were obtained or where an upward fluctuation of the
candidates was obtained. From these regions, limits on the stop mass can be derived for
mg˜ > 6 GeV/c
2and mt˜1 -mg˜ > 5GeV/c
2. In case of minimal cross-section, a stop mass
below 84 GeV/c2 is excluded. This number is 90 GeV/c2 for a purely left-handed stop.
5 Conclusion
In the data samples of 226 pb−1 taken by the DELPHI detector in 1999, the search
for charged R-hadrons appearing in stop decay was performed on the basis of abnormal
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ionising energy loss. 29 events were observed in the real data when the simulation predicts
20.66 ± 0.86. From these results, limits on the stop mass are given in SUGRA model
assuming 100 % branching ratio for this channel. For a gluino mass greater than 6 GeV/c2
and a mass difference between the stop and the gluino greater than 5 GeV/c2, the limits
are mt˜1 > 84 GeV/c
2 for the minimal cross-section case and mt˜1 > 90 GeV/c
2 when there
is no mixing between the left and right stops.
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Figure 2: ionisation energy loss as a function of the momentum of the particle for different
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Figure 3: Comparison at 192 to 202 GeV between data and simulation : (a) visible energy,
(b) percentage of energy in charged particles, (c) polar angle of the missing momentum,
(d) (d) logarithm of the ycut value in the Durham algorithm for which the number of jets
changes from three to four
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192 GeV 196 GeV
Observed Backgrounds Observed Backgrounds
mg˜≤ 20. 1 .50±.13 2 1.23±.20
20. < mg˜≤ 50. 1 2.20±.29 11 5.30±.51
mg˜> 50. 0 .15±.09 0 .07±.07
200 GeV 202 GeV
Observed Backgrounds Observed Backgrounds
mg˜≤ 20. 4 1.57±.21 0 .74±.13
20. < mg˜≤ 50. 6 6.00±.44 4 2.70±.24
mg˜> 50. 0 .12±.06 0 .08±.04
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Figure 5: Excluded regions at 95 % confidence level for the charged R-hadrons analysis
in the plane (mt˜,mg˜). The shaded region shows the excluded region for the stop mixing
angle which minimises the cross-section. For a pure left-handed stop the unfilled region
enclosed by a curve is also excluded
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